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PHASE LOCKED LOOP CIRCUIT WITH charge stored on loop filter ( capacitive circuit ) 64 , which in 
CHARGE PUMP UP - DOWN CURRENT turn causes VCO 52 to increase the output signal frequency 

MISMATCH ADJUSTMENT AND STATIC Fyco of output signal OUTF . Conversely , as indicated 
PHASE ERROR REDUCTION between times T0 and T1 and between times T3 and T4 in 

5 FIG . 7B , when the feedback signal frequency FFB leads the 
RELATED APPLICATIONS phase of the input signal frequency FINE , PFD 54 generates 

pump control voltages Vup and Vpowy such that pull - down 
This application claims priority from U . S . Provisional NMOS transistor 59B is turned on and pull - up PMOS 

Patent Application 62 / 372 , 401 , entitled “ PHASE LOCKED transistor 59 A is turned off , whereby the output terminal of 
LOOP CIRCUIT WITH CHARGE PUMP UP - DOWN 10 charge pump 58 is coupled to ground and pump output 
CURRENT MISMATCH ADJUSTMENT ” , which was filed current ICP - OUT has a negative ( DOWN ) current value deter 
on Aug . 9 , 2016 , and is incorporated by reference herein . mined by negative current value IDown . The negative output 

current ICP - out then decreases controlled voltage VCONT by 
FIELD OF THE INVENTION discharging a portion of the charge stored on the capacitive 

15 circuit 64 , which in turn causes VCO 52 to decrease the 
This invention generally relates to integrated circuits , and output signal frequency Fyco of output signal OUTF . In this 

more particularly to phase - locked loop circuits that are manner output frequency Fyco is continuously adjusted 
incorporated into integrated circuits . until the phases of input signal frequency FiNF and the 

feedback clock signal frequency Ffb align ( match ) , 
BACKGROUND OF THE INVENTION 20 whereby , as indicated between times T4 and T5 in FIG . 7B , 

pump control voltages Vup and V down are generated such 
A phase - locked loop ( PLL ) is an electronic circuit with a that both pull - up PMOS transistor 59A and pull - down 

voltage or voltage - driven oscillator that constantly adjusts to NMOS transistor 59B are turned off , whereby the controlled 
match the frequency of an input signal . PLLs are often voltage VCONT is maintained at its current voltage level , in 
incorporated into integrated circuit ( IC ) devices , and are 25 turn causing the VCO 52 to generate output signal OUTF at 
often used in systems utilizing two clock signals to help signal frequency Fyco corresponding to the matched phases . 
align the two clock signals . A problem with the conventional approach is that , due to 

Referring to FIG . 7A , a conventional PLL circuit 50 various factors , the magnitude of the positive current cor 
includes a phase frequency detector ( PFD ) 54 that outputs responding to the UP current component lup generated 
pump control voltages V up and Vdowy having values based 30 during leading periods becomes mismatched with the mag 
on the phase difference between an input signal frequency nitude of the negative current corresponding to the DOWN 
Fine and a feedback signal frequency FFB , a charge pump 58 current component Idown generated during the lagging 
that generates an output current Icp - ou in accordance with periods . That is , the average charges accumulated on the 
the pump control voltages that produces a charge stored on loop filter 64 due to the UP and DOWN currents ( average 
a loop filter 64 , thereby converting the phase difference 35 charge = current * time ) become mismatched , for example , 
between FNF and FFB to a controlled voltage ( V CONT ) . A due to the finite output resistance of the pull - up and pull 
voltage controlled oscillator ( VCO ) 52 generates a PLL down current sources utilized to generate the UP and 
output signal OUTF having a frequency Frco determined by DOWN currents , variation of controlled voltage VCONT Over 
the voltage level of controlled voltage VCONT . A digital time , controlled voltage and temperature variations over 
divider 60 divides output signal frequency Fyco by a pre - 40 time , time delay differences between the UP and DOWN 
determined integer or fractional value N to generate a currents , and charge injection and charge coupling phenom 
feedback signal FB . Level shifters 56 may be utilized to ena that take place inside the charge pump 58 . Referring to 
match the voltage levels of an input signal INF and the FIG . 7B , this mismatch is illustrated by way of depicting 
feedback signal FB generated by loop divider 60 , whereby DOWN current component Ipown as having a larger mag 
input signal frequency Fine and feedback signal frequency 45 nitude of 3 . 5 uA ( i . e . , the absolute value of - 3 . 5 UA ) than the 
FFB supplied to PFD 54 have properly matched voltage magnitude of UP current Iup ( i . e . , 3 UA ) . 
levels . The mismatch between the UP current component Iup and 

FIG . 7B is a timing diagram indicating the relationship the DOWN current component Idown result in spurious 
between pump control voltages Vup and VDown generated electrical effects ( spurs ) which cause phase errors between 
by PFD 54 and the operation of charge pump 58 . Referring 50 the input signal frequency Finf and the feedback signal 
to FIG . 7A , charge pump 58 generally utilizes a pull - up ( e . g . , frequency FFB . This phase error is called static phase error . 
PMOS ) transistor 59A controlled by pump control signal In a fractional PLL in which the loop divider 60 divides 
Vup and a pull - down ( e . g . , NMOS ) transistor 59B controlled output frequency Fyco by fractional number N to generate 
by pump control signal V down to either increase , maintain the feedback signal frequency FFB , this mismatch is highly 
or decrease controlled voltage Vcort . As indicated between 55 undesirable as due to the non - linearity in the charge pump 
times T1 and T3 in FIG . 7B , when the phase of the feedback 58 , spurs are produced at lower frequencies in - band , which 
signal frequency FFB lags the phase of the input signal worsens the integrated jitter of PLL 50 . 
frequency FINE ( FNE > FFR ) , PFD 54 asserts pump control Some prior attempts to address mismatches in the charge 
voltage Vup at a low voltage level and output control voltage pump 58 include increases the output impedance of the 
V powy at a high voltage level such that the pull - down 60 source and sink current sources utilized to generate the UP 
NMOS transistor 59B is turned off and the pull - up PMOS and DOWN current components using impedance boosting 
transistor 59A is turned on , thereby coupling the output architectures such as cascoding . This solution may be 
terminal of charge pump 58 to system voltage Vdo such that impractical when conventional PLL 50 operates at lower 
output current Icp . Our has a positive ( UP ) current value voltages and / or wide band frequencies . Another conven 
determined by positive current component Iup . The positive 65 tional mitigation approach involves reducing offsets in the 
output current ICP - out then increases the controlled voltage UP and DOWN current paths between the phase frequency 
Vcont at the output of the charge pump 58 by increasing the detector 54 and the charge pump 58 with careful layout 
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design . Charge injection and charge coupling are difficult to with one of the intrinsic positive / negative current compo 
mitigate , although TX gates ( transmission gates , electronic nents to generate a combined current component having a 
components that will selectively block or pass a signal level combined magnitude that is equal to the intrinsic magnitude 
from the input to the output ) are sometimes used for this of other ( non - modified ) intrinsic positive / negative current 
purpose . 5 component . By measuring the magnitude difference and 

In U . S . Pat . No . 7 , 009 , 432 , entitled “ Self - calibrating adjusting the charge pump operating state in this manner , 
phase locked loop charge pump system and method ” , a PLL circuits produced in accordance with the present inven 
circuit is described to reduce current mismatch between the tion do not require a compensating time skew between the 
UP and DOWN currents . However , the circuit does not input clock and the feedback clock , thus reducing static 
cancel the timing mismatch between the UP and DOWN 10 phase error associated with conventional charge pump 
paths in the combined phase frequency detector 54 and adjustment techniques . 
charge pump 58 circuit block . According to a preferred embodiment of the present 
What is needed is a PLL circuit and an associated oper invention , the bias current amount required to achieve 

ating method that addresses the problems associated with equalization of the positive / negative current component 
conventional PLLs that are set forth above . 15 magnitudes is calculated and stored as a digital converter 

code value , and the charge pump control circuit includes a 
SUMMARY OF THE INVENTION bias voltage generator ( e . g . , a digital - to - analog converter ) 

configured to generate a precise bias control voltage that is 
The present invention is directed to a phase - locked loop utilized to control a current bias transistor provided in the 

( PLL ) circuit and associated operating method that deter - 20 charge pump such that the positive / negative current com 
mines differences between the magnitudes of intrinsic ( un - ponent magnitudes are matched ( equal ) . For example , when 
modified ) positive and negative current components gener - the intrinsic ( unmodified ) positive current component is 
ated by the PLL circuit ' s charge pump , and adjusts the lower than the intrinsic ( unmodified ) negative current com 
operating state of the PLL circuit ' s charge pump during ponent , the corresponding magnitude difference is measured 
subsequent normal PLL operations such that one of the two 25 ( e . g . , using one of the methods mentioned below ) , and then 
intrinsic current components is combined with a bias current the measured amount is stored as a digital converter code 
amount that is equal to the determined magnitude difference , value . The stored digital adjustment code is then used to 
whereby the combined / modified ( e . g . , positive ) current control a current bias transistor ( e . g . , a ( second ) pull - up 
component matches the unmodified ( e . g . , negative ) current switch ) provided in the charge pump such that a bias current 
component . By determining and utilizing the bias current 30 passed through the current bias transistor is combined with 
amount to eliminate magnitude differences between the ( supplements ) the intrinsic positive current component such 
positive and negative current components forming the that the combined positive current component is generated at 
charge pump ' s output current , PLL circuits formed in accor - a magnitude ( e . g . , 3 . 5 UA ) that it equals the magnitude ( e . g . , 
dance with the present invention avoid spurious electrical 3 . 5 uA ) of the negative current component . By controlling 
effects that are associated with PLL ' s using conventional 35 the adjusted operating state of the charge pump using a 
( non - adjustable ) charge pumps . digital adjustment code , PLL circuits produced in accor 

According to a generalized embodiment of the invention , dance with the present invention may be particularly useful 
a PLL circuit includes a phase frequency detector , a charge in systems utilizing two clocks that require a high degree of 
pump circuit , a capacitive ( e . g . , loop filter ) circuit , a voltage alignment accuracy . 
controlled oscillator ( VCO ) , and a feedback circuit that 40 According to an embodiment , determining the magnitude 
function in a manner similar to that of conventional PLL difference between intrinsic ( unadjusted ) positive ( UP ) and 
circuits to generate a PLL output signal such that an output negative ( DOWN ) current components generated by the 
phase of the PLL output signal matches the input phase of PLL ' s charge pump involves generating a time - varying 
an applied input signal . In particular , the phase frequency calibration control voltage by way of simultaneously apply 
detector generates one or more pump control voltages in 45 ing both the intrinsic positive current component and the 
response to a phase difference between the output phase and intrinsic negative current component to the charge pump ' s 
the input phase , and the charge pump circuit is configured output terminal , then incrementally modifying ( i . e . , increas 
( e . g . , using pull - up and pull - down switches ) to generate a ing or decreasing ) the magnitude of one of the two current 
pump output current on a pump output terminal in response components using one or more time - varying bias currents 
to the pump control voltage ( s ) , where the pump output 50 while maintaining the other current component at its intrin 
current either includes an intrinsic positive current compo - sic ( i . e . , unmodified ) magnitude level , and measuring the 
nent having a first intrinsic magnitude or an intrinsic nega incremental changes of a calibration control voltage gener 
tive current component having a second intrinsic magnitude , ated by the resulting calibration pump output current on a 
depending on the asserted / de - asserted state of the applied capacitive ( e . g . , loop filter ) circuit . This calibration opera 
pump control voltage ( s ) . According to an aspect of the 55 tion can be visualized using current and voltage charts in 
generalized embodiment , the PLL circuit also includes a which an inflection point occurs in the time - varying cali 
charge pump control circuit having an UP / DOWN differ - bration control voltage values when the combined / modified 
ence measurement circuit that is configured to determine a current component magnitude , which is generated by sum 
magnitude difference between the first and second intrinsic ming the incrementally increasing bias current and the 
magnitudes , and also includes a bias generator that is 60 intrinsic current component magnitude , matches the other 
configured to generate a bias control signal having a voltage current component ' s intrinsic magnitude level . The current 
level corresponding to said determined magnitude differ - adjustment amount , which is the value of the bias current 
ence . According to another aspect of the generalized corresponding to the detected inflection point , is then stored 
embodiment , the charge pump circuit is modified ( e . g . , by as the digital adjustment code , and is subsequently used to 
way of one or more bias current transistors ) to generate a 65 control the charge pump such that the current adjustment 
bias current in response to the bias control signal generated amount is added to the intrinsic current component magni 
by the bias generator such that the bias current is combined tude such that the charge pump generates matching 
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UP / DOWN current components during subsequent normal FIG . 1 illustrates an enhanced PLL circuit according to a 
PLL operations . This calibration method provides a reliable generalized embodiment of the invention ; 
mechanism for accurately determining current magnitude FIG . 2 illustrates a time - voltage curve generated in accor 
mismatches between the UP / DOWN current components dance with an exemplary embodiment ; 
generated by the charge pump circuit , thus facilitating low 5 FIGS . 2A , 2B and 2C illustrate a charge pump circuit 
cost and reliable PLL circuits that achieve substantially during various operating periods according to an exemplary 
improved phase - locked loop performance over conventional embodiment ; 
PLL circuits . FIG . 3 illustrates a PLL loop circuit according to an 

According to alternative practical embodiments , PLL exemplary embodiment ; 
circuits are configured to perform the above - mentioned pove - mentioned 10 FIG . 4 illustrates a charge mismatch cancellation method 
calibration process during a power - up / reset period that according to another exemplary embodiment ; 

FIG . 5 illustrates a charge mismatch cancellation method occurs before normal PLL operations , during normal opera according to another exemplary embodiment ; tions ( i . e . , runtime calibration ) , or both . In the pre - operation FIG . 6 illustrates an embodiment of a runtime calibration calibration case , the intrinsic current component generated 15 15 circuit according to another embodiment ; and by the PLL ' s primary charge pump are utilized during the FIGS . 7A and 7B illustrate a conventional phase locked calibration period ( i . e . , such that the primary charge pump loop circuit and an exemplary timing diagram showing its 
simultaneously outputs the intrinsic positive current com operation . 
ponent , the intrinsic negative current component , and the 
time - varying bias current to a capacitive circuit ) , and the 20 DETAILED DESCRIPTION OF THE DRAWINGS 
difference measurement circuit is coupled to the pump 
output terminal to measure the resulting calibration con The present invention relates to an improvement in phase 
trolled voltage and to generate a corresponding digital locked loop circuits . The following description is presented 
converter code value . In the runtime calibration case , the to enable one of ordinary skill in the art to make and use the 
charge pump control circuit includes separate ( second ) cali - 25 invention as provided in the context of a particular applica 
bration charge pump and separate ( second ) calibration tion and its requirements . As used herein , the terms 
capacitive circuit that are essentially identical to the primary “ coupled ” and “ connected ” are defined as follows . The term 
charge pump and primary capacitive circuit ( loop filter ) , and " connected ” is used to describe a direct connection between 
periodically performs the above - mentioned calibration pro - two circuit elements , for example , by way of a metal line 
cess in parallel with normal PLL operating processes . In this 30 formed in accordance with normal integrated circuit fabri 
case , the digital converter code , which is periodically cation techniques . In contrast , the term " coupled ” is used to 
refreshed to account for changes in the calibration controlled describe either a direct connection or an indirect connection 
voltage generated by the calibration charge pump , is utilized between two circuit elements . For example , two coupled 
to continuously refine operations of the primary charge elements may be directly connected by way of a metal line , 
pump to account for changes between the intrinsic positivel 35 or indirectly connected by way of an intervening circuit 
negative current components due , for example , to ambient element ( e . g . , a capacitor , resistor , inductor , or by way of the 
temperature changes or circuit aging . source / drain terminals of a transistor ) . Various modifications 

According to alternative specific embodiments , the inflec - to the preferred embodiment will be apparent to those with 
tion point , which is used to identify the magnitude difference skill in the art , and the general principles defined herein may 
between the intrinsic positive and negative current compo - 40 be applied to other embodiments . Therefore , the present 
nents forming the PLL ' s charge pump output current , is invention is not intended to be limited to the particular 
determined using various techniques . In one embodiment , an embodiments shown and described , but is to be accorded the 
envelope detector configured to generate an envelope signal widest scope consistent with the principles and novel fea 
based on the calibration controlled voltage , and a compara - tures herein disclosed . 
tor configured to indicate when the envelope signal deviates 45 FIG . 1 shows a phase locked loop ( PLL ) circuit 100 
from the calibration controlled voltage , which is used to according to an exemplary generalized embodiment of the 
identify the inflection point . An optional amplifier may be invention . Similar to conventional PLL 50 ( see FIG . 7A ) , 
utilized to amplify the calibration controlled voltage applied PLL 100 is fabricated as part of a larger integrated circuit 
to one input terminal of the comparator . In another embodi - ( IC ) device ( not shown ) , and utilizes a PFD 104 , a charge 
ment , a phase lock circuit generates a frequency lock signal 50 pump 108 , a capacitive circuit ( e . g . , a loop filter ) 114 , a VCO 
that indicates when the PLL output phase matches the PLL 102 , a loop divider 110 and optional level shifters 106 such 
input phase , and this frequency lock signal is utilized to that PLL circuit 100 generates an output signal frequency 
initiate a count sequence that increments one value for each OUTF at a PLL output terminal 1010 having an output 
change in the bias current generated during the calibration phase Fyco that matches the input phase Fint of an input 
phase . In this case , the comparator is configured to terminate 55 signal frequency INF applied to a PLL input terminal 1011 . 
the count sequence when the controlled voltage returns to its PFD 104 is configured using known techniques to gen 
initial value , and the final count value is divided by two to erate at least one pump control voltage in response to a phase 
determine the inflection point . In each instance , the deter difference between said output phase Fyco and said input 
mined inflection point is used to reliably and accurately phase FINF . In the exemplary embodiment , PFD 104 gen 
generate the digital converter code value . 60 erates pump control voltages Vup and VDOWN such that 

pump control voltages Vup and Vdowy have first voltage 
BRIEF DESCRIPTION OF THE DRAWINGS levels ( values ) when the output phase Fyco ( as indicated by 

a corresponding feedback phase FFB ) leads the input phase 
These and other features , aspects and advantages of the FNF , such that pump control voltages V up and Vdown have 

present invention will become better understood with regard 65 second values when the output phase lags the input phase , 
to the following description , appended claims , and accom - and such that pump control voltages Vup and Vpowy have 
panying drawings , where : third values when the output phase matches the input phase . 
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Charge pump circuit 108 is configured to generate a pump IDOWN - INT . For example , in the specific embodiments 
output current ICP - OUT on a pump output terminal 1080 in described below , positive current component Iup includes 
response to pump control voltages Vup and Vdown such both intrinsic positive current component IUP - INT and posi 
that , during normal operation , pump output current ICP - OUT tive bias current IUP - BIAS , and negative current component 
consists either of a positive ( UP ) current component Iup , a 5 IDown is made up entirely of negative intrinsic current 
negative ( DOWN ) current component IDOWN , or has no component IDOWN - NT ( i . e . , negative bias current IDOWN - BIAS 
current level . The positive ( UP ) current component I , p is at is zero ) . Those skilled in the art will recognize that this 
least partially controlled by a ( first ) pull - up switch 109A that arrangement may be reversed ( i . e . , such that negative current 
is either fully turned on or fully turned off by pump control component Ipowy comprises both intrinsic and bias current 
voltage Vup , thereby selectively coupling pump output node 10 components , and positive current component lup includes 
1080 to a high voltage supply Vod . That is , when pump only intrinsic positive current component IUP - INT that the 
control voltage Vup has a first state ( e . g . , high ) , charge pump bias current may be utilized to reduce , instead of increase , 
output current ICP - OUT includes an intrinsic positive ( UP ) the combined current components Iup and I DOWN ( e . g . , by 
current component IUP - INT having a first intrinsic magnitude way of connecting one or more of transistors 109C and 109D 
determined by the characteristics ( e . g . , size ) of pull - up 15 in series with switches 109A and 109B , respectively , and 
switch 109A . Similarly , the negative ( DOWN ) current com - controlling transistors 109C and 109D to reduce the current 
ponent Idown is at least partially controlled by a ( first ) passed through switches 109A and 109B ) . Accordingly , 
pull - down switch 109B that is either fully turned on or fully providing charge pump 108 with at least one of pull - up 
turned off by pump control voltage VDown , thereby selec - transistor 109C and pull - down transistor 109D facilitates 
tively coupling pump output node 1080 to a low voltage 20 adjusting the associated intrinsic current component in order 
supply ( ground ) such that , when pump control voltage to equalize current components Iup and I powy using the 
VDOWN has a first state ( e . g . , high ) , charge pump output methods described below . 
current ICP - OUT includes an intrinsic negative ( DOWN ) Capacitive circuit ( loop filter ) 114 is connected to pump 
current component IDOWN - INT having a ( second ) intrinsic output terminal 1080 , and is configured using known tech 
magnitude determined by the characteristics of pull - down 25 niques to generate a charge ( controlled voltage ) Vcont at a 
switch 109A . During normal operation , when pump control level that is controlled by the time - varying composition of 
voltages Vup and Vdown have the first ( leading ) values , pump output current ICP - OUT . That is , controlled voltage 
pull - up switch 109A is turned on and pull - down switch Vcont is caused to increase to a higher voltage level when 
109B is turned off , whereby charge pump 108 is controlled charge pump 108 is controlled by PFD 104 to generate pump 
to generate output current ICP - OUT at a positive ( charge 30 output current ICP - Out at positive current component lup , 
increasing ) current value corresponding at least to intrinsic and controlled voltage VCont is caused to decrease to a 
positive ( UP ) current component IUP - INT passed through lower voltage level when charge pump 108 is controlled by 
pull - up switch 109A . Conversely , when pump control volt - PFD 104 to generate pump output current ICP - OUT at nega 
ages Vup and VDown have the second ( lagging ) values , tive current component Idown . Controlled voltage Vcont is 
pull - down switch 109B is turned on and pull - up switch 35 therefore generated at a desired voltage level by way of 
109A is turned off , whereby charge pump 108 is controlled controlling the amount of time pump output current ICP - OUT 
to generate output current Icpour at a negative ( charge is at positive current component Ip versus the amount of 
decreasing ) current value corresponding at least to intrinsic time pump output current ICP - OUT is at negative current 
negative ( DOWN ) current component IDOWN - INT passed component IDown . 
through pull - down switch 109B . Finally , when both pump 40 VCO 102 has an input terminal connected to loop filter 
control voltages Vup and Vpowy have the third ( e . g . , low ) 114 , and is configured according to known techniques to 
values , both pull - up switch 109A and pull - down switch generate output signal frequency OUTF on PLL output 
109B are turned off , whereby charge pump 108 is controlled circuit 1010 such that its instantaneous output phase Fyco 
to generate pump output current ICP - OUT at a neutral ( zero ) is adjusted in accordance with instantaneous corresponding 
current level . 45 value of controlled voltage VCONT . 

Charge pump 108 is further configured such that at least L oop divider 110 and optional level shifters 106 are 
one of positive ( UP ) current component I , p and negative connected in series between PLL output terminal 1010 and 
( DOWN ) current component Ipowy includes both the asso - PFD 104 , and are configured using known techniques to 
ciated intrinsic current component mentioned above , and function as a feedback circuit that generates feedback signal 
also a bias current component that serves to adjust the 50 frequency for supplied to PFD 104 substantially as 
associated intrinsic current component in order to equalize described above with reference to corresponding circuit 
current components I , p and Igowy . As depicted in FIG . 1 , elements utilized by conventional PLL 50 . 
positive current component lyp is generated by combining PLL circuit 100 also includes a charge pump control 
both associated intrinsic positive current component IUP - INT circuit 120 that is configured to determine a magnitude 
and an optional positive bias current component IUP - BIAS that 55 difference between intrinsic current components IUP - Int and 
is passed through a ( second ) pull - up transistor 109C , which IDOWN - INT , and to generate at least one bias control Signal 
is controlled in the manner described below . Similarly , VUP - BIAS and / or VDOWN - BIAS that controls charge pump 108 
negative current component Ipowy is generated by combin - during subsequent normal PLL operations to generate posi 
ing both associated intrinsic negative current component tive current component Iup and negative current component 
I DOWN - INT and an optional negative bias current component 60 IDOwn at equal magnitude levels . In the exemplary gener 
I DOWN - BIAS that is passed through a ( second ) pull - down alized embodiment , charge pump control circuit 120 
transistor 109D , which is controlled in the manner described includes an UP / DOWN ( pump output current ) measurement 
below . In a presently preferred embodiment only one of circuit 122 that determines the magnitude difference 
current components I , p and Igowy are modified by way of between intrinsic current components IUP - INT and I DOWN - INT 
a corresponding bias current IUP - BIAS or IDOWN - BIAS and the 65 by way of measuring a calibration controlled voltage 
other current component lup and IDown includes only its VCONT - CAL generated on capacitive circuit 114 in response to 
corresponding intrinsic current component IUP - INT or pump output current ICP - out from the PLL ' s primary charge 
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pump ( i . e . , charge pump 108 ) during a calibration period to increase ( i . e . , at a corresponding inflection point ) . By 
performed during power - up or reset of the IC ( not shown ) correlating the detected inflection point with the amount of 
implementing PLL circuit 100 . In an alternative embodiment additional current applied to the UP current component at 
described below with reference to FIG . 6 , the calibration that point in time , the amount of additional current added to 
controlled voltage VCONT - CA utilized by measurement cir - 5 the UP current component ( i . e . , the amount by which the UP 
cuit 122 is generated by a duplicate ( secondary ) calibration current component was adjusted to achieve an equal mag 
charge pump and calibration capacitive circuits . In either nitude with the DOWN current component ) can be accu 
case , measurement circuit 122 implements one of the mea - rately identified . Operation of charge pump 108 can then be 
surement methods described below ( e . g . , with reference to adjusted , e . g . , by generating digital adjustment code DC 
FIG . 2 ) to determine the magnitude difference between 10 with a value corresponding to the measured additional 
intrinsic current components IUP - INT and I DOWN - INT then current amount , and storing digital adjustment code DC in a 
generates a digital adjustment code DC having a digital memory circuit 125 such that the stored value is operably 
binary value ( e . g . , “ 101011 ” ) that corresponds to the mea transferred to bias generator 127 such that a corresponding 
sured difference , and then stores digital adjustment code DC updated control signal VUP - BIAS is provided to the charge 
in a memory circuit 125 . In addition , charge pump control 15 pump 108 , whereby the on - state of pull - up PMOS transistor 
circuit 120 includes a bias voltage generator 127 ( e . g . , a 109C is adjusted ( increased ) to provide the additional bias 
digital - to - analog converter ) that is configured to generate current amount IUP - BIAS . As indicated in FIG . 1 , bias current 
corresponding bias control signals VUP - BIAS and / or amount IUP - BIAS which is added to ( combined with ) intrinsic 
VDOWN - BIAS having corresponding voltage levels that vary UP current component IUP - INT , thereby providing a com 
directly with the digital value of digital adjustment signal 20 bined ( adjusted ) positive current component Iup to the 
DC ) , where bias voltage generator 127 is operably coupled pump ' s output terminal that has the same magnitude as 
to transmit bias control signals VUP - BIAS and / or VDOWN - BIAS negative current component Ipown during subsequent nor 
to transistors 109C and 109D , respectively , of charge pump m al PLL operations ( i . e . , in this case bias current component 
circuit 108 during subsequent normal PLL operation peri - IDOWN - BIAS is zero ) . In an alternative embodiment , a nega 
ods . In one embodiment charge pump control circuit gen - 25 tive bias current component IDOWN - BIAS may be calculated 
erates an optional phase frequency detector control signal using the method described above such that combined 
PFDC that is utilized to control PFD 104 such that both ( adjusted ) negative current component IDown has the same 
intrinsic current components IUP - INT and IDOWN - NT are magnitude as intrinsic positive current component IUP - INT 
applied to pump output terminal 1080 during the calibration during subsequent normal PLL operations ( i . e . , in this case 
operating period . With this configuration , charge pump 30 bias current component I , P - BIAS is zero ) . As set forth in the 
control circuit 120 causes charge pump circuit 108 to alternative specific embodiments set forth below , various 
generate at least one of bias currents IUP - BIAS and / or circuits and methods may be used to detect the inflection 
I DOWN - BIAS in response to bias control signals VUP - BIAS point , calculate the required current adjustment amount , and 
and / or VDOWN - BIAS such that a corresponding bias current generate the digital adjustment code . 
IUP - BIAS or IDOWN - BIAS is combined with one of intrinsic 35 FIG . 2 includes exemplary charge and current graphs 
positive current components IUP - INT or IDOWN - INT to gener - illustrating a calibration process utilizing the inflection point 
ate a combined current component I , p or Inowy such that a approach ( mentioned above ) , and FIG . 2A illustrates a 
combined magnitude of the combined current component modified charge pump 108A during the calibration process . 
( e . g . , lup ) is equal to the magnitude of the other intrinsic For brevity , modified charge pump 108A includes only one 
current component ( i . e . , intrinsic negative current compo - 40 bias current transistor ( i . e . , pull - up transistor 109C ) utilized 
nent IDOWN - INT ) , whereby current components Iup and to generate an increasing time - varying bias current amount 
Igowy are generated at substantially equal magnitude levels I UP - BIAS - Ty that is combined with intrinsic positive current 
during normal PLL operations . component IUP - INT . For explanatory purposes pull - up tran 

According to an aspect of the present invention , the sistor 109C is shown as being connected in parallel with 
measured difference between intrinsic UP ( positive ) current 45 pull - up switch 109A , but it is understood that other con 
component IUP - INT and intrinsic DOWN ( negative ) current figurations ( e . g . , series connection ) may also be utilized . 
component IDOWN - INT is determined during a calibration Referring to the lower portion of FIG . 2 , the present example 
operation period , for example , by way of controlling charge assumes that the magnitude of intrinsic UP current compo 
pump 108 to generate a time - varying calibration current nent IUP - INT ( i . e . , “ [ IUP - INT ) ” ) is lower than the magnitude of 
ICP - OUT - CAL by simultaneously supplying intrinsic UP ( posi - 50 intrinsic DOWN current component IDOWN - INT ( i . e . , 
tive ) current component IUP - INT , intrinsic DOWN ( negative ) “ [ IDOWN - INT ] ” ) . Specifically , in the illustrated example , 
current component IDOWN - INT and an incrementally chang - intrinsic UP current component IUP - INT has a magnitude of 
ing ( e . g . , gradually increasing ) bias current ( e . g . , IUP - BIAS Or 3 . 0 u? , which is generated through pull - up switch 109A in 
I DOWN - BIAS ) to pump output terminal 1080 of charge pump response to assertion of pump control voltage Vup , and 
108 , and monitoring changes in a calibration controlled 55 intrinsic DOWN current component IDOWN . INT has a mag 
voltage VCONT - CAL that is generated on loop filter 114 in nitude of 3 . 5 u? , which is generated through pull - down 
response to time - varying calibration current ICP - OUT - CAL in switch 109B in response to assertion of pump control 
order to detect when , e . g . , a combined UP current compo - voltage Vpowy . 
nent Iup formed by combining intrinsic UP ( positive ) current Referring to FIG . 2A , at the beginning of the calibration 
component IUP - INT and bias current IUP - BIAS matches intrin - 60 process charge pump 108A is controlled to simultaneously 
sic DOWN current component IDOWN - INT . As described supply both intrinsic UP current component IUP - in and 
below with reference to FIG . 2 , an inflection point detection intrinsic DOWN current component IDOWN - INT to a capaci 
approach provides a simple and reliable method for deter - tive circuit ( not shown ) by way of asserting both pump 
mining the precise point at which the magnitudes of the control voltage Vup and VDown , thereby generating a cali 
adjusted UP current component matches the DOWN current 65 bration controlled voltage V CONT - CAL ( TV ) on pump output 
component , e . g . , by way of identifying when the measured terminal 1080 , where the suffix “ TX ” indicates that calibra 
controlled voltage V Cont stops decreasing and then begins tion controlled voltage V CONT - CAL varies with time T . As set 



17 

V 

US 9 , 991 , 896 B2 
12 

forth above and illustrated in FIG . 2 , the calibration con normal operation time period NO1 when pump control 
trolled voltage VCONT - CAL ( TV ) generated by combining voltages Vup and VDown have the first ( leading ) values , 
intrinsic current components IUP - INT and I DOWN - INT at the whereby pull - up switch 109A is turned on and pull - down 
beginning of the calibration process ( i . e . , when bias current switch 109B is turned off . In this case , charge pump output 
IUP - BIAS ( TY is zero ) has a relatively high initial voltage level 5 current ICP - OUT is equal to the UP current Iup , which is a 
( e . g . , approximately 200 millivolts ) due to the larger mag - combination of that intrinsic UP current component IUP - INT 
nitude of negative current component IDOWN . INT . In one and by bias current IUP - BIAS - DC where bias current 
embodiment , the calibration process is initiated after a phase IUP - BIAS - DC is equal to determined current adjustment 
lock signal is generated indicating that phases of the PLL amount 215 ( see FIG . 2 ) , and is generated by way of turning 
input and output signals are matched , whereby the initial 10 on pull - up transistor 109C using pump bias voltage 
value of V CONT - CAL ( 70 ) is at a balance point . VUP - BIAS - DC whose voltage level is determined by a stored 

Referring to the lower portion of FIG . 2 , bias current digital adjustment code corresponding to the determined 
IUP - BIAS - TX is gradually increased by a small amount each current adjustment amount 215 . In contrast , FIG . 2C depicts 
half nanosecond ( i . e . , by gradually changing bias voltage the operating state of charge pump circuit 108A during 
VUP - BIAS - TX such that bias current IUP - BIAS - TX passed 15 normal operation time period NO2 when pump control 
through pull - up transistor 109C increases incrementally as voltages Vp and Vbowy have the second ( lagging ) values , 
indicated ) . As indicated in FIG . 2A , combined calibration whereby pull - up switch 109 A is turned off and pull - down 
UP current IUP - CAL is formed by time - varying bias current switch 109B is turned on . In this case , charge pump output 
IUP - BIAS - TX combined with ( added to ) positive intrinsic cur - current ICP - OUT is equal to the intrinsic DOWN current 
rent component IUP - INT , and therefore gradually increases 20 component IDOWN - INT . There are generally two techniques 
during the calibration process . In contrast , the only DOWN by which the inflection point 202 may be determined , as 
current generated by charge pump circuit 108A is intrinsic described in conjunction with FIG . 4 and FIG . 5 . 
negative current component IDOWN - NT which remains fixed FIG . 3 illustrates an enhanced PLL circuit 100B according 
( unchanged ) during the calibration process . Referring to the to an exemplary practical embodiment of the invention that 
upper portion of FIG . 2 , because the magnitude of intrinsic 25 performs the above - mentioned calibration process during a 
current component IUP - INT is initially significantly lower power - up / reset period ( i . e . , before normal PLL operations ) . 
than the magnitude of intrinsic DOWN current magnitude Portions of PLL circuit 100B that perform similar functions 
( i . e . , at time TO ) , and because the magnitude difference to those performed by portions of PLL circuit 100 ( described 
between the intrinsic current components is maximum at above ) are identified with similar reference numbers , and are 
time To , calibration controlled voltage V CONT - INT is initially 30 understood to function substantially as described above 
pulled lower by a relatively large amount , as indicated by the unless stated otherwise below . 
downward sloping portion of voltage curve 200 shown in the Phase frequency detector ( PDF ) 104B is configured to 
upper - left portion of FIG . 2 . As calibration UP current generate at least one pump control voltage V UP / DOWN in 
IUP - CAL is incrementally increased over time ( i . e . , as indi response to a phase difference between a feedback ( output ) 
cated in the lower portion of FIG . 2 ) , the difference between 35 clock signal ck _ fb and an input clock signal ck _ in during 
the magnitudes of calibration UP current IUP - CA and intrin - normal PLL operations . 
sic DOWN current component IDOWN - INT decreases , but Charge pump circuit 108B is configured using the tech 
while the magnitude of intrinsic DOWN current component niques described above to generate an output current accord 
remains larger than calibration UP current IUP - CAL , the value ing to the PLL operating mode . During normal PLL opera 
of calibration controlled voltage VCONT - CAL , continues to 40 tions , charge pump circuit 108B generates pump output 
decrease . Eventually , as indicated at time 7 . 5 in FIG . 2 , current ICP - Out including either an UP ( positive ) current 
when bias current IP - BIAS - T75 has increased to 0 . 5 ut , component or a DOWN ( negative ) current component in 
calibration UP current IUP - CAL becomes equal to intrinsic response to pump control voltage VUP / DOWN , where the UP 
DOWN current component IDOWN - INT , whereby VCONT - CAL ( positive ) current component is adjusted by way of an 
stops decreasing ( i . e . , at inflection point 202 ) . Subsequently , 45 applied fixed bias signal VBIAS in the manner described 
as the UP current component continues to incrementally above . During calibration operations charge pump circuit 
increase above the magnitude of the DOWN current com - 108B generates pump output current ICP - OUT - CA , including 
ponent due to the continued incremental increase of bias both intrinsic UP ( positive ) and DOWN ( negative ) current 
current I , P . RUSTY calibration controlled voltage components along with a time - varying bias current compo 
VCONT - CAL begins to increase , as indicated by the upward 50 nent generated in accordance with a time - varying bias signal 
sloping portion of the curve shown in the upper - right portion VBIAS - CAL in the manner described above with reference to 
of FIG . 2 . Calibration controlled voltage VCONT - CAL thus FIG . 2 . 
evolves according to the example time - voltage curve 200 . Capacitive circuit 114A is coupled to the output terminal 

In exemplary embodiments provided herein , the improved of charge pump 108B and includes a loop resistor Rloop , a 
phase locked loop circuits of the present invention adjust 55 loop capacitor Cloop and a small capacitor Csmall that are 
one of the UP or DOWN current components by way of configured to generate controlled voltages VCONT or 
performing the calibration process described above and VCONT - CAL in response to pump output currents ICP - OUT Or 
detecting inflection point 202 in the resulting time - voltage ICP - OUT - CAL , respectively . 
curve 200 , utilizing the inflection point data to determine the Charge pump control circuit 120B includes an 
total current adjustment amount ( e . g . , amount 215 shown in 60 UP / DOWN difference measurement circuit ( UP / DOWN 
the lower portion of FIG . 2 ) by which the magnitude of the DMC ) 122B configured to determine a magnitude difference 
UP current component was increased in order to match the between intrinsic UP ( positive ) and DOWN ( negative ) cur 
magnitude of the negative DOWN current component , and rent components of pump output current ICP - OUT - CAL gen 
then adjusting one or both of the UP or DOWN current erated by charge pump 108B during calibration operations , 
components generated by charge pump 108A during subse - 65 and to store a digital adjustment code value DC ( e . g . , binary 
quent normal operation . That is , FIG . 2B depicts the oper - “ 100111 ” ) in a memory circuit 125B . In one embodiment , 
ating state of charge pump circuit 108A during subsequent measurement circuit 122B includes an envelope detector 
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314 coupled to capacitive circuit 114B and configured to sistor 109A and pull - down transistor 109B are intentionally 
generate an envelope signal V CONT - ENV based on calibration fabricated such that the magnitude of intrinsic current com 
controlled voltage VCONT - CAL , and a comparator 310 con - ponent IUP - INT is greater than the magnitude of intrinsic 
figured to compare envelope signal V CONT - ENY with calibra - current component I DOWN - INT ) . During operation enhanced 
tion controlled voltage V CONT - CAL : In cases where the 5 PLL circuit 100B is first allowed to establish a frequency 
Csmall capacitor is relatively large , every step increase in lock . Frequency lock ( state FLOCK = 1 ) is established when 
the bias current may produce such a small step increase in the input clock and the feedback clock , which are respec 
calibration controlled voltage VCONT - CAL that these step tively transmitted on PFD input terminals 104B1 and 
increases can be overlooked by comparator 310 due to it ' s 104B2 , are aligned to a preconfigured tolerance . Subsequent 
own input offset voltage . In such cases , an optional amplifier 10 to state FLOCK = 1 , logic circuit 107B transmits input clock 
308 is connected between capacitive circuit 114B and com - ck _ in onto level shifter input terminal 106B1 such that both 
parator 310 to supply amplified controlled voltage input terminals 104B1 and 104B2 to phase frequency detec 
VCONT - Amp to comparator 310 so that comparator 310 reli - tor 104B receive input clock ck _ in . Counter circuit 316 
ably triggers , thereby facilitating reliable detection of an begins counting up from zero , and DAC 127B incrementally 
inflection point using amplified controlled voltage 15 increases the UP bias current by way of increasing calibra 
VCONT AMP from amplifier 308 . In one embodiment , PLL tion control voltage VRIAS - CAT . Due to the intrinsic skew of 
circuit 100B includes a lock circuit 312 provides a frequency charge pump 108B , the ( second ) magnitude of the DOWN 
lock signal having a first value ( FLOCK = 1 ) when output current component is initially higher than the ( first ) magni 
phase Frco of PLL output signal OUTF matches input phase tude of the UP current component , whereby the output 
FINE of applied input signal ck _ in , and difference measure - 20 current generated by charge pump 108B is negative during 
ment circuit 122B further comprises a counter circuit 316 the initial operation period , and remains negative while the 
that is configured to generate a count value that increments UP current component is increased uniformly with every 
in accordance with changes in the current level of the cycle of the input clock so long as the magnitude of the 
time - varying bias current , where digital adjustment code DOWN current component is larger than the magnitude of 
value DC based the count value accrued on counter circuit 25 the UP current ( e . g . , in the manner depicted by the decreas 
316 during a calibration operation period in the manner ing slope of time - voltage curve 200 in the upper left portion 
described below . of FIG . 2 ) . However , the increasing UP current component 

Charge pump control circuit 120B also includes a digital causes the time - voltage curve 200 to flatten out , and then to 
to - analog converter ( DAC ) circuit ( bias generator ) 122B that begin increasing ( e . g . , in the manner depicted by the increas 
is configured either to generate bias control signal VBIAS 30 ing slope of time - voltage curve 200 in the upper right 
during normal PLL operations , where bias control signal portion of FIG . 2 ) . The inflection point 202 where the 
VBias is generated in accordance with the stored digital time - voltage curve 200 flattens out is the balanced state at 
adjustment code value DC , or to generate time varying bias which the mismatch between the UP and DOWN current 
control signal VBIAS ( TN ) during calibration operations such components is fully eliminated . Due to the symmetric nature 
that bias current I , P . RIAS is generated by charge pump 108B 35 of the time - voltage curve 200 , the count value ( “ code 
in the manner described above with reference to FIG . 2 . value ” ) will be twice the code corresponding to the maxi 

In one embodiment , enhanced PLL circuit 100B detects mum available reduction in mismatch between the UP and 
an inflection point of a time - voltage curve generated in the DOWN current components . The technique of connecting 
manner described above with reference to FIG . 2 by con - both inputs 104B1 and 104B2 of PFD 104B to the same 
tinuously scanning ( e . g . , from a lowest to a highest value ) 40 clock signal ( i . e . , input clock ck _ in ) for a period of time 
the UP ( positive ) current component generated by charge during the calibration process has the advantage of cancel 
pump 108B . When circuit effects causing mismatch in the ling the PFD delay mismatches in the UP and DOWN 
charge pump 108B have cancelled one other at a particular current path indirectly , and also serves to remove mis 
value of the UP current component , the enhanced phase matches in the inherent UP and DOWN current components 
locked loop circuit 100B reaches an inflection point ( e . g . , 45 generated by charge pump 108B in the manner described 
inflection point 202 in FIG . 2 ) . The value of the UP current above . Also it is this technique that makes the perfect 
component corresponding to the inflection point is stored in alignment of ck _ in and ck _ fb possible that can be used in 
the form of digital code DC that is then utilized to adjust the some de - skew PLLs . 
operation of charge pump 108B in order to minimize mis - As mentioned above , FIGS . 4 and 5 are flow diagrams that 
matches between the positive / negative current components 50 respectively illustrate two techniques by which the inflection 
generated in the charge pump 108B . The extent to which the point 202 ( FIG . 2 ) may be determined . 
positive / negative current component mismatch may be FIG . 4 illustrates a first method 400 that utilizes envelope 
reduced is dependent upon the resolution of the digital to detector 314 and comparator 310 ( both shown in FIG . 3 ) to 
analog converter 127B . For example , to achieve an approxi - detect the inflection point during the calibration process . The 
mately 1 % mismatch level ( e . g . , 0 . 8 - 1 . 2 % ) in the charge 55 envelope detector 314 , ( optionally ) the amplifier 308 , and 
pump 108B , a 6 - bit resolution digital to analog converter the comparator 310 are coupled to controlled voltage V CONT 
127B may be utilized . A greater reduction in the mismatch ( block 402 , block 404 , and block 406 respectively ) . In one 
results in a lower noise floor for the enhanced phase locked embodiment the comparator 310 has an offset of 10 mV . 
loop circuit 100B , which consequently reduces the inte Counter circuit 316 starts counting at the beginning of the 
grated jitter . Reducing the mismatch also reduces the static 60 calibration process , and increments its count value each time 
phase error and reference spur level of the enhanced phase bias signal Vous incrementally increases the bias current 
locked loop circuit 100B . applied to charge pump 108B . When V CONT ( or VCONT AMP ) 

In one embodiment charge pump 108B is designed with is detected to deviate from V CONT ENV ( e . g . , using compara 
an intrinsic skew , whereby the magnitude of one of the tor 310 ) , counter 316 is stopped , and the final digital count 
intrinsic DOWN current component or UP current compo - 65 value is stored as the digital converter code value DC , which 
nent is naturally higher than the magnitude of the other is then passed to digital - to - analog converter ( DAC ) 127B 
current component ( e . g . , referring to FIG . 1 , pull - up tran ( block 408 ) . Digital converter code value DC , which is 
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proportional to the required current offset amount needed to Although the present invention has been described with 
eliminate mismatches between the UP and DOWN current respect to certain specific embodiments , it will be clear to 
components , is then utilized to control charge pump circuit those skilled in the art that the inventive features of the 
108B in the manner described above . present invention are applicable to other embodiments as 

Another embodiment of a charge mismatch cancellation 5 well , all of which are intended to fall within the scope of the 
method 500 to operate the enhanced phase locked loop present invention . 
circuit 100B is illustrated in FIG . 5 . In this case , lock circuit The invention claimed is : 
312 ( see FIG . 3 ) is utilized to generate a frequency lock 1 . A phase locked loop ( PLL ) circuit configured to gen 
signal having a first value ( FLOCK = 1 ) when the phase Fyco . erate a PLL output signal such that an output phase of the 
of PLL output signal OUTF matches the input phase FIne of 10 PLL output signal matches the input phase of an applied 

input signal , the PLL circuit comprising : the applied input signal . During the calibration process , a phase frequency detector configured to generate at least VCONT ( or VCONT _ Amp ) is sampled until locked state one pump control voltage in response to a phase 
FLOCK = 1 is reached ( block 502 ) . When FLOCK = 1 is difference between said output phase and said input reached , incrementing of the digital code value by counter 15 phase ; 
316 begins ( block 504 ) . Vcont or VCONTAMP will decrease a charge pump circuit configured to generate a pump 
and then increase again as described above with reference to output current on a pump output terminal in response to 
FIG . 2 . Comparator 310 ( e . g . , with 10 mV offset ) is utilized said at least one pump control voltage such that said 
to compare VCont or VCONT _ AMP with V CONT _ SAM ( sample pump output current includes an intrinsic positive cur 
value ) ( block 506 ) . When the output of the comparator 310 20 rent component having a first intrinsic magnitude when 
goes high , counter 316 is stopped , and one - half of the final said at least one pump control voltage has a first pump 
digital code count is stored as the digital converter code control value , and such that said pump output current 
value , which is then applied to set the value of the UP current includes an intrinsic negative current component hav 
component to cancel the mismatch between UP and DOWN ing a second intrinsic magnitude when said at least one 
current components generated by the charge pump ( block 25 pump control voltage has a second pump control value ; 
508 ) . and 

FIG . 6 shows a partial enhanced PLL circuit 100C that a charge pump control circuit configured to determine a 
includes a primary charge pump and associated circuitry magnitude difference between said first intrinsic mag 
such as that shown in FIG . 1 , and a charge pump control nitude and said second intrinsic magnitude and config 
circuit 120C configured to achieve runtime calibration of a 30 ured to generate a bias control signal having a voltage 
primary charge pump ( e . g . , charge pump 108 in FIG . 1 ) to level corresponding to said determined magnitude dif 
account for variations between current components Iup and ference , 
I down during normal PLL operations ( e . g . , due to ambient wherein said charge pump circuit is further configured to 
temperature changes or circuit aging ) . To perform runtime generate a bias current in response to said bias control 
calibration , charge pump control circuit 120C includes a 35 signal such that said bias current is combined with one 
( second ) calibration phase frequency detector 604 , a sec of the intrinsic positive current component and said 
ondary calibration charge pump 608 , a calibration capacitive intrinsic negative current component to generate a 
circuit 614 and a calibration bias control circuit 627 that are combined current component , and such that a com 
configured to operate substantially identically to their cor bined magnitude of said combined current component 
responding primary components . That is , calibration charge 40 is equal to said intrinsic magnitude of the other of said 
pump 608 is configured to generate to generate a calibration intrinsic positive current component and said intrinsic 
pump output current ICP - OUT - CAL on a calibration pump negative current component . 
output terminal 6080 such that calibration pump output 2 . The PLL circuit of claim 1 , further comprising : 
current ICP - OUT - CAL includes duplicate intrinsic positive a capacitive circuit coupled to said pump output terminal 
( UP ) and negative ( DOWN ) current components that are 45 and configured to generate a controlled voltage in 
substantially identical to those generated by the primary response to the pump output current ; 
charge pump circuit , calibration charge pump 608 is con a voltage controlled oscillator ( VCO ) coupled to said 
trolled ( e . g . , by way of pump control signal V UP / DOWN ) to capacitive circuit and configured to generate said PLL 
output a combination of the duplicate intrinsic positive and output signal such that said output phase is adjusted in 
negative current components and a time - varying bias current 50 accordance with said controlled voltage ; and 
( which is generated in accordance with bias control signal a feedback circuit configured to transmit a feedback 
VBIAS ( TX ) ) during each calibration process . In one embodi signal , which corresponds with the output phase , to the 
ment , the charge pump control circuit performs one of the phase frequency detector . 
charge pump mismatch cancellation techniques previously 3 . The PLL circuit of claim 1 , 
described ( e . g . , in FIG . 4 or FIG . 5 ) . Once calibration is 55 wherein the phase frequency detector is configured to 
completed , a digital adjustment code DC corresponding to assert a first pump control voltage when said output 
the measured magnitude difference that is generated by phase leads the input phase and to assert a second pump 
UP / DOWN measurement circuit 122 is then stored in control voltage when said output phase lags the input 
memory circuit 125 , and the digital adjustment code DC is phase , and 
then passed to bias generator 127 ( described above ) for 60 wherein the charge pump circuit comprises : 
control of the primary charge pump circuit ( not shown ) to a first pull - up switch configured to apply said intrinsic 
cancel mismatches in the manner described above . The positive current component on said pump output ter 
runtime calibration may be timed to repeat on a cycle at a set minal when said first pump control voltage is asserted ; 
frequency , for example every 100 cycles of the PLL input a first pull - down switch configured to apply said intrinsic 
clock . After each calibration cycle , V CONT CAL is reinitial - 65 negative current component on said pump output ter 
ized to V cont and the digital code DC changed to cancel minal when said second pump control voltage is 
charge pump mismatches . asserted ; and 



17 
US 9 , 991 , 896 B2 

18 
one or more bias current transistors operably configured ured to generate to generate a calibration pump output 

to generate said bias current in response to the bias current on a calibration pump output terminal such that said 
control signal generated by the bias generator . calibration pump output current includes a duplicate intrin 

4 . The PLL circuit of claim 3 , wherein said one or more sic positive current component having said first intrinsic 
bias current transistors comprises a pull - up transistor 5 magnitude and a duplicate intrinsic negative current com 
coupled between a high voltage source and said pump output ponent having said second intrinsic magnitude ; 
terminal . wherein said charge pump control circuit is further con 

5 . The PLL circuit of claim 1 , wherein the charge pump figured such that said calibration pump output current control circuit comprises : a difference measurement circuit includes a combination of said duplicate intrinsic posi configured to calculate and store a digital converter code 10 
value corresponding to the determined magnitude difference tive current component , said intrinsic negative current 

component , and a time - varying bias current during a between said first intrinsic magnitude of said intrinsic posi calibration period , tive current component and said second intrinsic magnitude 
wherein the difference measurement circuit is configured of said intrinsic negative current component ; and to measure a controlled voltage generated in response a bias generator configured to generate said bias control 15 

signal in accordance with said digital converter code to the calibration pump output current during said 
value . calibration period . 

6 . The PLL circuit of claim 5 , further comprising a 12 . A phase locked loop ( PLL ) circuit configured to 
capacitive circuit coupled to said pump output terminal and generate an output signal such that an output phase of the 
configured to generate a controlled voltage in response to the 20 output signal matches the input phase of an input signal , the 
pump output current , PLL circuit comprising : 

wherein the charge pump control circuit is further con a charge pump circuit configured to generate an output 
figured to control at least one of said phase frequency current including one of a positive current component 
detector and said charge pump during a calibration and a negative current component when said at least 
period such that said charge pump simultaneously 25 one pump control voltage has the second value , 
applies said intrinsic positive current component , said wherein said charge pump circuit is further configured 
intrinsic negative current component , and a time - vary such that one of a first magnitude of said positive 
ing bias current to said pump output terminal , current component and a second magnitude of said 

wherein the difference measurement circuit is configured negative current component is adjusted to include a 
to measure said controlled voltage generated by said 30 bias current ; and capacitive circuit during said calibration period . a charge pump control circuit configured to generate a 7 . The PLL circuit of claim 5 , wherein said bias generator 

comprises a digital - to - analog converter configured to gen pump bias voltage having a voltage level that varies in 
accordance with a digital value of a stored digital erate said bias control signal by way of converting said 

digital converter code value to an associated voltage level . 35 adjustment code , 
8 . The PLL circuit of claim 6 , wherein said difference wherein said charge pump control circuit is further con 

measurement circuit further comprises : figured to transmit said pump bias voltage to said 
an envelope detector coupled to the capacitive circuit and charge pump circuit such that said bias current has a 

configured to generate an envelope signal based on said current level that varies in accordance with the voltage 
controlled voltage ; and 40 level of said pump bias voltage . 

a comparator configured to compare the envelope signal 13 . A method for adjusting a charge pump output current 
with said controlled voltage . in a phase locked loop circuit such that a magnitude differ 

9 . The PLL circuit of claim 8 , ence between a positive current component and a negative 
wherein said difference measurement circuit further com - current component forming said charge pump output current 

prises an amplifier coupled to the capacitive circuit and 45 during normal PLL operating periods is minimized , the 
configured to amplify the controlled voltage , and method comprising : 

wherein the comparator is configured to indicate when the controlling a charge pump during a calibration period to 
envelope signal deviates from said amplified controlled generate a time - varying calibration current by simul voltage . taneously applying said intrinsic positive current com 10 . The PLL circuit of claim 8 , further comprising a lock 50 ponent , said intrinsic negative current component and circuit configured to generate a frequency lock signal having an incrementally changing bias current to a pump a first value when said output phase of the PLL output signal output terminal of said charge pump ; matches the input phase of the applied input signal , measuring a time - varying calibration controlled voltage wherein the difference measurement circuit further com 
prises a counter configured to increment in accordance 55 generated in response to said time - varying calibration 
with changes in the current level of said bias current , current during said calibration period ; 
and determining a current adjustment amount by detecting an 

wherein the difference measurement circuit is configured inflection point of the time - varying calibration con 
to determine said digital adjustment code value based trolled voltage , and identifying an amount of said bias 
on one - half of a count value accrued on the counter 60 current applied to pump output terminal at the time of 
between a first time when the frequency lock signal said inflection point ; and 
switches to said first value and the controlled voltage adjusting the charge pump output current such that said 
has a first value , and a second time when the compara positive current component is increased by the deter 
tor indicates the controlled voltage has returned to the mined current adjustment amount during said normal 
first value . 65 operating period . 

11 . The PLL circuit of claim 5 , wherein the charge pump 14 . The method of claim 13 , wherein controlling the 
control circuit comprises a calibration charge pump config - charge pump during the calibration period comprises : 
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coupling the pump output terminal to a high voltage 17 . The method of claim 16 , generating said bias voltage 
source by way of a pull - up switch such that said comprises utilizing a digital - to - analog converter configured 
intrinsic positive current component passes through the to receive said stored digital adjustment code and to generate 
pull - up switch ; said bias voltage at a voltage level corresponding to said coupling the pump output terminal to a low voltage source 5 source 5 digital value of said digital adjustment code . by way of a pull - down switch such that said intrinsic 18 . The method of claim 16 , wherein determining the negative current component passes through the pull 
down switch ; and current adjustment amount comprises incrementing a coun 

utilizing an incrementally changing bias voltage to control ter value in accordance with incremental changes to the 
a transistor coupled between said pump output terminal incrementally changing bias current , and utilizing said coun 
and one of said high voltage source and said low " ter value to determine said digital value of said digital 
voltage source such that said transistor passes said adjustment code . 
incrementally changing bias current to the pump output 19 . The method of claim 18 , wherein determining the 
terminal in response to said incrementally changing current adjustment amount comprises applying said time 
bias voltage . 15 varying calibration controlled voltage to an envelope detec 

15 . The method of claim 14 , wherein adjusting the charge tor , and comparing an output from said envelope detector 
pump such that said positive current component is increased with said time - varying calibration controlled voltage . by the determined current adjustment amount during said 20 . The method of claim 13 , normal operating period comprises utilizing a bias voltage to wherein adjusting the charge pump output current during control said transistor such that a bias current equal to the 
determined current adjustment amount is passed through 20 said normal operating period comprises adjusting a 
said transistor during said normal operating period primary charge pump such that said positive current 

16 . The method of claim 15 , further comprising storing a component generated by said primary charge pump is 
digital adjustment code having a digital value corresponding increased by the determined current adjustment 
to said determined current adjustment amount , wherein amount , and 
utilizing said bias voltage to control said transistor during wherein said controlling a charge pump during the cali 
said normal operating period comprises generating said bias bration period comprises controlling a secondary 
voltage in accordance with said stored digital adjustment charge pump . 
code . * * * * * 


